Mesobiotus Vecchi, Cesari, Bertolani, Jönsson, Rebecchi & Guidetti, 2016 , has never been reported from this country (McInnes et al., 2017) .
Mesobiotus radiatus (Pilato, Binda & Catanzaro, 1991 ) is an African tardigrade of the Mesobiotus harmsworthi group, originally described from the Ngorongoro District in Tanzania and reported a decade later also from two localities in North Kivu Province in the Democratic Republic of Congo by Binda et al. (2001) . The original description of this species is still valid; however, it was prepared prior to the integrative taxonomy era and thus the description was based solely on morphology and morphometry. The morphology was documented by the description per se and by drawings based on light microscopy. Moreover, measurements were based mostly on a single individual and thus intraspecific variability was not described. In order to fill these gaps and to provide more detailed data that may be needed for future species discovery and identification, we integratively (Dayrat, 2005) describe a new population of M. radiatus found in Kenya. Our work involved an integrative taxonomy approach that comprised morphological and morphometric data obtained with phase contrast light microscopy (PCM) and scanning electron microscopy (SEM) as well as molecular data in the form of DNA sequences of four molecular markers (three nuclear: 18S rRNA, 28S rRNA, ITS-2; one mitochondrial: COI).
Materials and methods

Sample processing
A moss sample from soil from Mount Kulal (Kenya, Africa) was collected by Maciej Skoracki on 25 January 2014. The sample was examined for terrestrial tardigrades using standard methods (Dastych, 1980) with modifications by Stec et al. (2015) . Together with Mesobiotus radiatus, representatives of three other tardigrade genera were found: Echiniscus C.A.S. Schultze, 1840; Milnesium Doyère, 1840; and Macrobiotus C.A.S. Schultze, 1834 . A total of 25 live individuals and four eggs of M. radiatus were extracted from the sample. Eggs were mounted on slides and animals were placed in a culture in order to obtain more individuals and eggs for further analyses. All 25 specimens were placed and reared on plastic petri dishes according to the protocol of Stec et al. (2015) . In order to perform the taxonomic analysis of this species, animals and eggs were taken from the culture and split into groups: 94 animals and 102 eggs were mounted on microscope slides in Hoyer's medium; 20 animals and 15 eggs were prepared for SEM imaging; four specimens were processed for DNA extraction and sequencing (see below for details); and 20 specimens were used for aceto-orcein staining.
Species identification
The population that is the subject of this study fits the original description of M. radiatus well. However, to corroborate our identification, we compared our tardigrades to photomicrographs of a type specimen that were kindly sent to us by Professor Giovanni Pilato, one of the authors of the original description of M. radiatus.
Microscopy and imaging
Specimens for light microscopy were prepared according to the protocol of Morek et al. (2016) . Microscopic slides were examined under a Nikon Eclipse 50i phase contrast light microscope associated with a Nikon Digital Sight DS-L2 digital camera. Animals and eggs for SEM were processed according to the protocol of Stec et al. (2015) . Buccopharyngeal apparatuses were extracted following the protocol of Eibye-Jacobsen (2001) with modifications by Gąsiorek et al. (2016) . Dried animals, eggs, and buccal apparatuses were examined under high vacuum with a Versa 3D DualBeam scanning electron microscope at the ATOMIN facility of Jagiellonian University, Kraków, Poland. The type population was also examined for the presence of males with aceto-orcein staining in accordance with Stec et al. (2016b) .
All figures were assembled in Corel Photo-Paint X6, ver. 16.4.1.1281. For structures that could not be satisfactorily focused in a single photograph, a stack of 2-6 images were taken with an equidistance of ca. 0.2 µm and assembled manually into a single deep-focus image.
Morphometrics and morphological nomenclature
The sample size for morphometrics was chosen following the recommendations of Stec et al. (2016a) . All measurements are given in micrometers (µm). Structures were measured only if their orientation was suitable. Body length was measured from the anterior extremity to the end of the body, excluding the hind legs. The buccal apparatus and claw types are given according to Pilato and Binda (2010) . The terminology used to describe oral cavity armature follows that of Michalczyk and Kaczmarek (2003) . Buccal tube length and the level of the stylet support insertion point were measured according to Pilato (1981) . Claws were measured according to Kaczmarek and Michalczyk (2017) . Macroplacoid length sequence is given according to Kaczmarek et al. (2014) . The pt index is the ratio of the length of a given structure to the length of the buccal tube expressed as a percentage (Pilato, 1981) . Distance between egg processes was measured as the shortest line connecting base edges of the two closest processes . The description of claw morphology follows Vecchi et al. (2016) . Morphometric data were handled using the Parachela ver. 1.3 template available from the Tardigrada Register (Michalczyk and Kaczmarek, 2013) . Tardigrade taxonomy follows Bertolani et al. (2014) .
Genotyping
The DNA was extracted from individual animals following the Chelex 100 resin (Bio-Rad) extraction method of Casquet et al. (2012) with modifications described in detail by Stec et al. (2015) . Four DNA fragments have been sequenced: 18S rRNA, 28S rRNA, ITS-2, and COI. All fragments were amplified and sequenced according to the protocols described by Stec et al. (2015) ; primers and original references for specific PCR programs are listed in Table 1 . Sequencing products were read with the ABI 3130xl sequencer at the Molecular Ecology Lab, Institute of Environmental Sciences of Jagiellonian University, Kraków, Poland. Sequences were processed in BioEdit ver. 7.2.5 (Hall, 1999) . The DNA sequences are deposited in GenBank (https://www.ncbi.nlm.nih.gov/genbank).
Comparative molecular analysis
For molecular comparisons, all published sequences of the four abovementioned markers for species of the genus Mesobiotus were downloaded from GenBank (listed in Table 2 ). The sequences were aligned using the default settings (mitochondrial marker) and the Q-INS-I method (nuclear markers) of MAFFT version 7 (Katoh et al., 2002; Katoh and Toh, 2008) and manually checked against nonconservative alignments in BioEdit. Then the aligned sequences were trimmed to 739 (18S rRNA), 736 (28S rRNA), 363 (ITS-2), and 636 (COI) bp. The COI sequences were translated into protein sequences in MEGA7 version 7.0 (Kumar et al., 2016) to be checked against pseudogenes. Uncorrected pairwise distances were calculated using MEGA. Despite genetic distances in barcoding studies frequently being calculated in accordance with the Kimura 2 parameter model (K2P), as proposed by Hebert et al. (2003) , the more recent work by Srivathsan and Meier (2012) showed that this model of nucleotide evolution is poorly justified. Moreover, Srivathsan and Meier (2012) showed that uncorrected p-distances may provide a comparable or even a higher success rate of taxon delimitation than distances computed under the K2P. Therefore, we used basic p-distances in all of our analyses. Table 2 . Sequences used for molecular comparisons and phylogenetic analyses of Mesobiotus radiatus (Pilato, Binda & Catanzaro, 1991) from Kenya with all other species of the genus Mesobiotus for which DNA sequences are currently available and suitable for fragments amplified in this study. The 18S rRNA sequence of M. insanis has not been used due to its short length. M. hilariae Vecchi et al., 2016 KT226108 Vecchi et al. (2016 Christenberry, 1980 Superfamily: Macrobiotoidea Thulin, 1928 (in Marley et al., 2011 Family: Macrobiotidae Thulin, 1928 Genus:
Results
Taxonomic account of the studied species
DNA marker Species
Mesobiotus radiatus (Pilato, Binda & Catanzaro, 1991) ( Tables 2 and 3 Table 3 ) In live animals, body almost transparent in small specimens and white in adults; after fixation in Hoyer's medium body transparent ( Figure 1A ). Eyes absent (before fixation). Body cuticle without pores, smooth under PCM but under SEM very delicate granulation covering dorsolateral cuticle is visible ( Figure 1B ; granule diameter ranges from 0.04 to 0.08 µm and thus it is below PCM resolution). Granulation on legs I-IV present and visible both under PCM and SEM (granules 0.3-0.4 µm in diameter; Figures 2A, 2B , 2E, and 2F). A pulvinus-like cuticular bulge/fold is present on the internal surface of legs I-III ( Figures 2C and 2D , filled arrowhead), whereas weakly marked muscle attachments are present just above the claws ( Figures 2C and 2D , flat empty arrowhead). Both structures are visible only if the legs are fully extended and oriented on the slide. Buccopharyngeal apparatus of the Macrobiotus type, with the ventral lamina and ten small peribuccal lamellae ( Figure 3A) . The oral cavity armature well developed and composed of three bands of teeth ( Figures 3B, 3C , 4A, and 4B, arrowheads). The first band of teeth is composed of numerous extremely small cones arranged in four to six rows situated anteriorly in the oral cavity, just behind the bases of the peribuccal lamellae ( Figures 3B, 3C , 4A, and 4B, filled arrowheads). The second band of teeth is situated between the ring fold and the third band of teeth and is composed of a number of small ridges parallel to the main axis of the buccal tube ( Figures 3B, 3C , 4A, and 4B, empty arrowheads). The teeth of the third band are located within the posterior portion of the oral cavity, between the second Figure 1 . Mesobiotus radiatus (Pilato, Binda & Catanzaro, 1991) from Kenya -habitus and cuticle morphology: A) dorsoventral projection of the entire animal (Hoyer's medium, PCM); B) microgranulation on the dorsal cuticle seen in SEM. Scale bars in µm. (Pilato, Binda & Catanzaro, 1991) from Kenya -cuticular structures on legs: A, B) granulation on leg III seen in PCM and SEM, respectively; C, D) a pulvinus-like cuticular bulge on the internal surface of leg III seen in PCM and SEM, respectively; E, F) granulation on leg IV seen in PCM and SEM, respectively. Filled arrowheads indicate the cuticular bulge whereas empty arrowheads indicate faint muscle attachments under the claws. Scale bars in µm.
Figure 2. Mesobiotus radiatus
band of teeth and the buccal tube opening ( Figures 3B,  3C , 4A, and 4B). The third band of teeth is discontinuous and divided into the dorsal and the ventral portion. Under PCM, the dorsal teeth are seen as three distinct transversal ridges/crests, whereas the ventral teeth appear as two separate lateral transversal ridges/crests between which three (only sometimes two or four) round median teeth are visible ( Figures 3B and 3C ). Also in SEM, both dorsal and ventral teeth are clearly distinct ( Figures 4A and 4B , lateral teeth labeled "L", dorsomedian tooth labeled "M", ventromedian teeth labeled "m 1 -m 2 "). Pharyngeal bulb spherical, with triangular apophyses, three rod-shaped macroplacoids, and a large triangular microplacoid ( Figure  3A) , with the macroplacoid length sequence of 2 < 1 ≤ 3. The first macroplacoid is anteriorly narrowed and the third has a subterminal constriction ( Figures 3D and 3E) . (Pilato, Binda & Catanzaro, 1991) from Kenya -buccal apparatus and the oral cavity armature: A) dorsoventral projection of the entire buccal apparatus (PCM); B, C) oral cavity armature with all three bands of teeth visible, dorsal and ventral view respectively (PCM); D, E) placoid morphology seen in PCM and SEM, respectively. Scale bars in µm.
Claws of the Mesobiotus type, with a peduncle connecting the claw to the lunula, a basal septum, and well-developed accessory points situated on the primary branch ( Figures 5A-5E ). Lunulae under claws I-III smooth ( Figures 5A and 5C ), but dentate under claws IV ( Figures 5B, 5D, 5E ). Teeth on lunulae better developed under posterior than anterior claws ( Figures 5D and  5E ). Claws I-III often have short and very thin spurs at their bases, which are barely visible under PCM ( Figure  5A , arrowhead) but better visible under SEM ( Figure 5C,  arrowhead) Table 4 ) Laid freely, white, spherical with conical processes ( Figures 6A-6D , 7A-7F, 8A-8D, and 9C-9F). The processes are equidistant from each other, with circular bases ( Figures 6A-6D , 8A-8D, and 9C-9F). The process surface is smooth with slight undulations poorly visible under PCM and clearly under SEM ( Figures 7A-7F , 8A-8D, and 9A-9F). The labyrinthine layer within the process walls appears as reticulation under PCM, with mesh size decreasing from bottom to top of the process ( Figures 6E, 6F , and 7A-7F). Apical process wall porous, but pores (0.3-0.4 µm in diameter) poorly visible in PCM ( Figure 7A-7C ) and clearly visible in SEM ( Figures 9C-9F and 10A-10E). Processes are terminated by several short, thin, and flexible filaments very susceptible to fracture, which are visible in both PCM (Figures 7A-7F ) and SEM ( Figures 8A-8D , 9C-9F, and 10A-10E). The filaments are covered by microgranules (0.1-0.2 µm in diameter; visible only in SEM), which probably enhance their adhesive properties. The processes are sometimes bi-or trifurcated ( Figures 7D-7F, 9D, and 10D ). Egg surface between processes without areolation, but covered by wrinkles that extend radially from process bases ( Figures 6E, 6F , 8A-8D, and 9A-9F). Small, round pores (0.3-0.5 µm in diameter) are present between the wrinkles and are usually visible in PCM and always clearly in SEM ( Figures 6E, 6F , and 9A-9F).
Eggs (measurements and statistics in
The aceto-orcein staining revealed males with developed testes filled by spermatozoa. The population is thus dioecious, although no secondary sexual dimorphism characters (e.g., gibbosities on the hind legs) were observed. 3.6. DNA sequences We obtained sequences of good quality for all four of the aforementioned molecular markers from all four paragenophores. The 18S rRNA and 28S rRNA sequences were represented by single haplotypes, whereas the ITS-2 and COI markers were represented by two haplotypes different in one variable site (p-distance: 0.3%) and four nucleotides (p-distance: 0.6%), respectively:
The 18S rRNA sequence (GenBank: MH197153), 865 bp long;
The 28S rRNA sequence (GenBank: MH197152), 736 bp long;
The ITS-2 sequence, haplotype 1 (GenBank: MH197267), 390 bp long;
The ITS-2 sequence, haplotype 2 (GenBank: MH197268), 390 bp long;
The COI sequence, haplotype 1 (GenBank: MH195147), 658 bp long;
The COI sequence, haplotype 2 (GenBank: MH195148), 658 bp long. (Pilato, Binda & Catanzaro, 1991) from Kenya -the oral cavity armature of two specimens seen in SEM: A) dorsal and ventral side; B) magnification on dorsal side. Filled indented arrowheads indicate teeth of the first band, empty indented arrowheads indicate teeth of the second band, the ridges of the third band are marked with "M" (dorsomedian tooth), "L" (lateral teeth, both dorsal and ventral), and "m 1 -m 3 " (ventromedian teeth). Scale bars in µm. (Pilato, Binda & Catanzaro, 1991 ) from Kenya -claws: A, B) claws I and IV seen in PCM, with smooth and dentate lunulae, respectively; C, D) claws II and IV seen in SEM, with smooth and dentate lunulae, respectively; E) the overall view of the hind legs, note better developed teeth on lunulae under posterior claws and granulation morphology; arrowheads indicate spurs at the claw bases. Figures A and B assembled from several photos. Scale bars in µm.
Figure 5. Mesobiotus radiatus
Discussion
Comparison with the original description
Our observations are in line with those presented in the original description of M. radiatus (Pilato et al., 1991) . However, thanks to the use of high class PCM and SEM, we were able to describe some new traits that were not described by Pilato et al. (1991) . Specifically, SEM observations revealed small, cuticular granulation on the entire dorsolateral cuticle (not visible in PCM), whereas under both microscopes short and very thin spurs at claw bases I-III were discovered. Our observations of eggs in PCM and SEM revealed small, round pores between the wrinkles on the egg surface, larger pores in the apical process wall, and several short, thin, and flexible filaments on the process apex. Moreover, thanks to the larger sample size, we were able to estimate intraspecific variation in taxonomically important traits of both animals and eggs more accurately. In conclusion, we think that, by adding new data to the original description of the species by Pilato et al. (1991) , our study will be helpful for future species identification and discoveries.
New phenotypic differential diagnosis
Based on the presence of reticulated conical egg processes and wrinkled egg surface, M. radiatus is most similar to the following ten Mesobiotus species: M. binieki (Kaczmarek, Gołdyn, Prokop & Michalczyk, 2011) ; M. coronatus (de Barros, 1942) ; M. patiens (Pilato, Binda, Napolitano & Moncada, 2000) ; M. perfidus (Pilato & Lisi, 2009) ; M. philippinicus Mapalo, Stec, Mirano-Bascos & Michalczyk, 2016 ; M. pseudocoronatus (Pilato, Binda & Lisi, 2006) ; M. pseudopatiens Kaczmarek & Roszkowska, 2016; rigidus ; M. simulans (Pilato, Binda, Napolitano & Moncada, 2000) ; and M. wuzhishanensis (Yin, L. Wang & X. Li, 2011) . Despite the similarities, M. radiatus differs specifically from: · M. binieki, reported only from its type locality in Bulgaria (Kaczmarek et al., 2011) · M. coronatus, known from a few localities in South America (see Kaczmarek et al., 2015) , by indentations in lunulae IV; the absence of eyes; the presence of apical short, thin, and flexible filaments on egg processes; radially arranged wrinkles on the egg surface between processes (wrinkles forming a sculpture with fine polygonal meshes in M. coronatus); larger egg bare and full diameters (63.9-80.4 µm and 97.8-131 · M. patiens, recorded from a few localities in Italy (Pilato et al., 2000) , by indentations in lunulae IV; the presence of several apical short, thin, and flexible filaments on egg processes; and radially arranged wrinkles on the egg surface between processes (fine in M. patiens). · M. perfidus, known from three localities in the Seychelles (Pilato and Lisi, 2009) , by the presence of the first band of teeth in the oral cavity; the absence of tubercles on the dorsal cuticle; indentations in lunula IV; the absence of eyes; and the presence of several apical short, thin, and flexible filaments on egg processes. (Pilato, Binda & Catanzaro, 1991) Number of processes on the egg circumference 30 10-12 11.1 0.5 Figure 6 . Mesobiotus radiatus (Pilato, Binda & Catanzaro, 1991) · M. philippinicus, reported from the type locality in the Philippines (Mapalo et al., 2016) , by a different macroplacoid length sequence (2 < 1 ≤ 3 in M. radiatus vs. · M. pseudocoronatus, recorded from the type locality in the Seychelles , by the absence of tubercles on the dorsal cuticle; the absence of eyes; longer egg processes (15.5-29.3 µm in M. radiatus vs. 10.9-12.7 µm in M. pseudocoronatus); and wider egg process bases (14.5-22.5 µm in M. radiatus vs. 11.5-13.9 µm in M. pseudocoronatus). · M. pseudopatiens, known from the type locality in Costa Rica (Kaczmarek and Roszkowska, 2016) , by the presence of the first row of teeth in the oral cavity; the presence of granulation on legs I-III; indentations in lunulae IV; and larger bare and full egg diameters (63.9-80.4 µm and 97.8-131.1 µm in M. radiatus vs. 55.5-59.3 µm and 80.4-88.0 µm in M. pseudopatiens).
· M. rigidus, reported from the type locality in New Zealand , by indentations in lunulae IV; a different shape of egg processes (cones in M. radiatus vs. long, smooth flexible spines, with very wide bases in M. rigidus); and the presence of several apical short, thin, and flexible filaments on egg processes. · M. simulans, known from a few localities in Italy (Pilato et al., 2000) , by the absence of eyes; presence of several apical short, thin, and flexible filaments on egg processes; radially arranged wrinkles on the egg surface between processes (wrinkles forming a sculpture with · M. wuzhishanensis, recorded from the type locality in China (Yin et al., 2011) , by the absence of eyes; a different shape of egg processes (cones in M. radiatus vs. long, smooth flexible spines, with very wide bases in M. wuzhishanensis); and a smaller number of processes on the egg circumference (10-12 in M. radiatus vs. ca. 16 in M. wuzhishanensis).
Genotypic differential diagnosis
The ranges of uncorrected genetic p-distances between the studied population of Mesobiotus radiatus and species of the genus Mesobiotus for which sequences are available from GenBank (see Table 2 for details) are as follows: · 18S rRNA: 0.5%-5.6% (3.8% on average), with the most similar being M. ethiopicus from Ethiopia (MF678793) and the least similar being M. cf. mottai from Antarctica (KT226072). · 28S rRNA: 4.0%-9.0% (7.3% on average), with the most similar being M. ethiopicus from Ethiopia (MF678792) and the least similar being M. philippinicus and M. insanis from the Philippines (KX129794, MF441489, respectively).
· ITS-2: 28.7%-30.5% (29.6% on average), with the most similar being M. insanis from the Philippines (MF441490) and the least similar M. philippinicus from the Philippines (KX129795).
· COI: 16.5%-25.2% (22.1% on average), with the most similar being M. ethiopicus from Ethiopia (MF678794) and the least similar being M. philippinicus from the Philippines (KX129796).
Closing remarks
Although our individuals and eggs fit the description of M. radiatus well and they were collected in the same ecozone and ca. 670 km from the type locality of the species, there (Pilato, Binda & Catanzaro, 1991) from Kenya -entire eggs seen in SEM. Scale bars in µm. (Pilato, Binda & Catanzaro, 1991) from Kenya -details of eggs seen in SEM: A, B) -egg surface between processes; C-F) egg processes morphology. Scale bars in µm. (Pilato, Binda & Catanzaro, 1991) from Kenya -details of eggs seen in SEM: A-E) porous apices of egg processes with short flexible filaments; F) magnification of flexible filament. Scale bars in µm.
Figure 9. Mesobiotus radiatus
is a possibility that the Kenyan population represents a different but very similar or cryptic species. On the other hand, several tardigrade species were shown, with the use of genetic markers, to have distributions exceeding the distance between the type population and the Kenyan population of M. radiatus (Jørgensen et al., 2017; Gąsiorek et al., 2016 , Zawierucha et al., 2018 ). Therefore, until DNA sequences for a population of M. radiatus from the type locality are obtained and they confirm our identification of the Kenyan population, this integrative description of M. radiatus must be treated with a small dose of caution.
